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SUMMARY
This report describes the results of the first phase • Building envelopes for houses built after 1979 of a multiyear research project. The project's goal appear to be approximately 30% tighter. is to investigate ways to improve the efficiency of air-distribution systems in detached, single-faro-• Duct-system tightness showed no apparent ily residences in California. First-year efforts inimprovement in post-1979 houses. eluded:
• Distribution-fan operation added anaverage • A survey of heating, ventilating, and air conof 0.45 air changes per hour (ACH) to the ditioning (HVAC) contractors in California.
average measured rate of 0.24 ACH.
• A 31-house field study of distribution-system The simulation tool developed is based on DOE-2 performance based on diagnostic meafor the thermal simulations and on MOVECOMP, surements, an air-flow network simulation model, for the duct/house leakage and flow interactions. The • Development of an integrated air-flow and first complete set of simulations performed (for a thermal-simulation tool for investigating resiranch house in Sacramento) indicated that the dential air-distribution system performance, overall heating-season efficiency of the duct systems was approxin_tely 65% to 70% and that the The major findings of the contractor survey are overall cooling-seasonefficiencywasbetween60% presented here, as are the results of the field study and 75%. The wide range in cooling-season effiand the first applications of the simulation tool. ciency reflects the differencebetween systems with The field-study results generally agree with the attic return ducts and those with crawl-space refindings of earlier, more limited studies. The study turn ducts, the former being less efficient. provided both field confirmation of improved diagnostic tools and additional system/house characThe simulations also indicated that the building terization data. That data will be used to input and envelope's UA-value, a measurement of thermoverify simulation codes and develop retrofit proconductivity, did not have a significant impact on tocols. Highlights of the field results include the the overall efficiency of the air-distribution sysfollowing:
tem.
INTRODUCTION BACKGROUND
The importance of air-distribution system problems was further highlighted by a June 1989
Approximately 50% of the households in the U.S. ASHRAE symposium devoted entirely to the meahavecentral warm-air furnacesand air-distribution sured and predicted performance of residential ducts (DOE 1987 Jacob et al. 1986b; Locklin et al 1987) , have crawl spaces. Based on measured leakage data • from 200 houses (80 in California) and measureali reached the same conclusion: Air-distribution systems can have significant impacts on residenments of actual driving pressures, the energy retial heating and cooling, quired to cool the air that leaks into and out of a typical duct system in a Sacramento house is be-A number of studies have also measured signifitween 1 and 2 kW (depending on the location of cant changes in building air-infiltration rates due the ducts) of the peak-hour demand and 20% to to air-d istribu tion system opera tion. Researchers 40% of the peak-cooling-day consumption (Modera at Oak Ridge National Laboratory (ORNL) mea-1989) . Calculations show that the same leakage sured an average increase of 80% in the infiltration creates approximately 1 kW of peak heating derate of 31 Tennessee houses whenever their distrimand and 2,000 to 3,500 kWh of annual electricity bution fans were operated (Gammage et al. 1986 ). consumption for a heat-pump-heated house in In mo,e detailed testing involving five houses, Sacramento (Modera 1989) . researchers in Florida noted that the infiltration In addition to the energy and peak-demand rate tripled when the distribution system was implications, leaky duct systems have been demoperated with internal doors open; that rate was onstrated to double air-infiltration rates when the further tripled when the doors between rooms were closed during system operation (Cummings distribution system is turned on, accounting for and Tooley 1989). Both the infiltration.-rate in-20% to 40% of the average annual ventilation of creases in the Tennessee houses and the init_._l residences (Garnmage et al. 1986; Modera 1989) .
tripling of the air-change rate of the Florida houses were attributed to leaks in the ducts passing These results made a strong case for careful through unconditioned spaces, while the second examinationofresidential air-distributionsystems' infiltration tripling in the Florida houses was impacts on: attributed to system imbalances due to inadequate • The energy consumption and peak demands return-air pathways, in California.
• The effectiveness of California's Title 24 energy code.
• The accuracy of state energy and demand forecasts.
• The ventilation rates providing indoor air quality in California residences.
PROJECT GOALS AND OBJECTIVES
The objectives of the planned three-year research effort on residential air distribution are to:
• Obtain representative data on the implications of air-distribution systems for residential energy consumption, ventilation, and peak power demand in California.
• Develop, test, and evaluate the cost-effectiveness of alternate approaches to problems with residential air-distribution systems for both new and existing buildings (including duct installation standards, sealing technologies, and non-air-distribution systems).
• Deliver a field-tested retrofit package for residential air-distribution systems to California utilities and other residential audit and retrofit groups.
• The HVAC contractor survey was used to detersimplified technique forquantifyingductleakmine the relative frequency of use of air-distribution age was also used in each house; however, its system options (sheet-metal ducts, flexible ducts, performance was not analyzed for this report. fiberglass ducts) in both new and existi_ng houses in California. The purpose of this effort was to • Duct pressure during normal fan operation. ensure that the buildings examined in the field This included pressure-differential meastudy represented an appropriate mix of the Calisurements across the supply plenum, across the return plenum, just inside the supply regfornia stock. The survey effort was directed primarily toward Northern California because data from isters nearest and furthest from the plenum, a recently completed survey of more than 60 buildand just inside the return plenum. ers in Southern California could be used (Modera 1990 ).
• Pressure imbalance. This included pressureThe system interface is a personal computer prodifferential measurements across the envegrammed to step the operator through the full lope and between zones, with the distribution series of diagnostic measurements. • Duct temperatures during normal equipment
SIMULATION MODEL
cycling, including those in the supply plenum, in the return plenum, and just inside the supThe major objective of the simulation-based analyply registers nearest to and furthest from the sis was to evaluate peak-load mitigation and overplenum. These temperatures were used to all energy-conservation potential for improved estimate conductive losses from the ducts, distribution systems. This required simulation of the building envelope with a thermal model and The field measurements were used to test the accurate modeling of leakage-induced air flows, appropriateness of the assumptions made in earair flows created by system imbalances, and conlier analytical efforts; quantify the relative imporduction heat losses from the ducts. This modeling rance of duct leakage, pressure imbalances, and was accomplished by interfacing L"OE-2 (Birdcall conduction losses in typical California hours; et al. 1990), an hour-by-hour thermal simulation and provide the input data needed for future model, with MOVECOMP (Herrlin 1990 ), a simulations. They will also b_ ,lsed to identify the multizone air-flow network model. Development most appropriate elements for retrofit protocols, and application of the simulation tool are described in deta;.l in Unander (1991) , the salient The diagnostic measurement protocol developed points of which are summarized in the following for the field measurements consisted of a two-day, paragraphs. two-person procedure based on computer-controlled experiment prompting and data acquisiThe simulation tool being used for the air-flow tion. Assuring high-quality data while minimizing modeling is the MOVECOM P mul tizone air-flow the measurement cost per house meant developnetwork model. To use this model for our puring a_ _.automated-instrumentation, data-acquisiposes, we needed to specify ali the air-leakage tion, experimental-control system specifically for characteristicsof thedistribution system, the buildthis field study. The system developed was based ing envelope, the attic, the crawl space, and the on a single instrumentation rack filled with: garage, as well as the internal air-flow characteristics of the distribution system. The house wi th the • Tracer-gas injection and sampling equipment, chosen characteristics was implemented in the model by defining a set of uniform-pressure zones • Multiplexed andfixed-purposepressuremea-(pressure nodes) connected by specified air-flow surement equipment, resistances. To describe the pressure field in the duct system adequately, we settled on one node • Adata-acquisition/control system (shown in for every 3 m (10 ft) of duct, which corresponds to tem. In addition, six nodes were requ',rcd to deinput data was constructed in a modular manner scribe the interior zones of the house; one node to allow for easy modification based on the results was used for the attic, one for the crawl space, and of the field study. Based on this input data, two one for the garage, prototype simulations have been constructed and run: one modeling air flows while the distribution The leakage data required to describe the interconfan is operating, the other modeling air flows with nections among the pressure nodes was obtained the fan off. from the Lawrence Berkeley Laboratory (LBL) airleakage database (Modera 1986 PROG) specifically developed for the ducts. The The building chosen for the simulations was a attic and crawl-space temperatures are obtained slightly enlarged version of the single-story Califrom DOE-2 interactively, based on applying the fornia ranch house traditionally used for Title 24 energy transfer between the duct and the zone in energy calculations. This prototype house uses the which it is located. This process takes into account same floor plan, has 1,540 ft2 rather than the tradithe partial recovery of duct heat and mass transfer; tional 1,384 ft2, and includes an attached garage. however, the simulation does not take into acIncreasing the floor area is consistent with the count the effects of the thermal mass of the duct trend in California construction, and adding the system, the impacts of the duct system on airgarage stems from the results of the HVAC conconditioner or furnace efficiency, or the energy tractor survey (described in the next section). The implications of the distribution-system fan. duct system was assumed to have R-4 insulation and to have the supply ducts located in the attic; THERMPROG also calculates the overall ductboth assumptions are consistent with the contracsystem efficiency, including leakage and contc_rsurvey and field-study results. The return duct duction, for each hour of the year, where was conservatively assumed to be located in the duct-system efficiency is defined as the energy crawl space, which is the most efficient location for delivered to the house divided by the energy decooling-season operation and an average location livered by the furnace or air conditioner. A schefor the heating season. An exterior elevation and matic flowchart of the complete simulation tool is plan for the prototype house are depicted in Figdepicted in Figure 3. ure 4, and the duct layout is shown in Figure 5 . (the house characterization data will be analyzed further when the retrofit protocols are developed).
• Approximately three-quarters of the installed The following sections summarize the data for the ducts are sealed with cloth duct tape only.
significant parameters associated with each of the distribution-system loss mechanisms: • The HVAC contractor typically determines the materials and layout for the duct system, • Duct leakage whereas the general contractor typically de-• Duct conduction • Supply/return-flow imbalances.
Duct Leakage 1979 construction; both numbers are higher than the 140 cm 2used in the simulations.
Duct leakage was measured in each house using Finally, as observed in earlier studies, the stanthree techniques, two of which are currently indard deviation of the measured leakage is high (50 corporated in a proposed ASTM standard meato 100%), suggesting that retrofit programs would surement protocol. The first of these techniques benefit from pre-retrofit measurements of duct (Method A) uses subtraction of leakage values leakage. The supply/return leakage fractions in calculated from blower-door measurements with Table I are also consistent with earlier field results and without the duct system sealed to obtain the (Modera 1989) in that, despite their significantly duct leakage. The second technique (Method B) smaller surface area, return ducts typically have uses a direct measurement of the flow through the more leakage than supply ducts. This result takes duct leaks together with auxiliary duct-pressure on even more significance when you consider that measurements to obtain the ductleakage. Method return-duct pressure differentials average twice A suffers from elevated uncertainties in determinthose of the supply side during system operation ing the flow, whereas Method B suffers from el-(see Table 2 ) and that the energy implications of evated uncertainties in determining the apreturn leaks in attics are even greater than those of propriate duct pressure, supply leaks.
The third technique is a rather simplified pro-A morein-depth analysisof theduct-leakage meacedure that uses changes in blower-door flows surements is being performed for several reasons, associated with turning on the fan, together with including: duct pressure measurements, to estimate supplyand return-duct leakage. An analysis of this tech-1. The simulation work suggests that duct ieaknique, along with comparisons of the three techage is the largest source of duct-system ineffiniques with tracer-gas results (see below) and ciency. more detailed examinations of each of the measurement protocols, is underway.
2. The data set gathered in this project will significantly affect an ASTM standard for Some of the envelopeand duct-leakage meameasuring duct leakage by Method A and surements obtained by Method B are summarized Method B. in Table 1 for both pre-1980 and post-1979 construction. A number of conclusions can be drawn 3. The development and standardization of a from these results. First, it seems that the specific field technique for measuring duct leakage leakage area of the building envelope dropped by could have relatively short-term implications •approximately 35% in the post-1979 construction, for California Title 24 energy budget complia result that, while not conclusive, suggests that ance and home energy rating systems. Call fornia houses are getting tighter. Although the sample size is small, the standard deviation of the The in-depth analysis of the duct-leakage data post-1979 data is also small; in addition, the mean includes cross-comparisons of the two meaof the pre-1980 data (which has a large standard surement techniques and examines the factors deviation) is lower than an earlier estimate of preaffecting each technique's precision and accuracy. 1980 California construction (120 houses), suggesting that the apparent increase in envelope Concerning the issue of measurement accuracy tightness may be real. On the other hand, it does and precision, the choice of parameters by which not seem that duct tightness has improved with to characterize duct leakage plays an important time; the data suggests that, if anything, both role. In general, the flow through duct leaks is supply-and return-duct leakage have increased, modeled with a power-law relationship between Moreover, the average total duct leakage is 145 pressuredifferential and flow. Thisrepresentation cm 2for pre-1980 construction and 176cm 2for postinvolves two parameters, the flow coefficient and
flow exponent, which together can be expected to Duct-system driving pressures are similar to those characterize the flow over a fairly wide range of for the building envelope when the system is not pressure conditions. However, to create a practioperating; however, when the distribution fan is cal yardstick of performance, we need to characterrunning, the driving pressures are significantly ize duct leakage with a single parameter. For buildhigher and duct leakage causes most of the impact. ing envelopes, the chosen parameter is typically As shown in Table2, the drivingpressuresforduct the effective leakage area at 4 pascals (Pa). That leakage during system operation average 29 Pa for particular reference pressure was chosen because the supply side and 57 Pa for the return side. Thus, it is representative of the naturally occurring presas the uncertainty in the measured pressure-flow sures across leaks in the building shell. Leakage relationship for ducts is lowest near the middle of measurements are performed at pressure differthe measurement range (Persily 1983 ; Persily and entials between 10 and 50 Pa to avoid interference Grot 1985) and the most important driving pres_ by the same naturally occurring pressures. Detersures for duct leakage are nearer to that portion of mining the effective leakage area at 4 Pa requires the measurement range than to 4 Pa, a reference an extrapolation of the pressure/flow relationship pressure of 25 Pa was chosen for the ASTM stanoutside the higher pressure range (10 to 50 Pa) in dard (computation of the 4-Pa leakage area is also which that relationship was determined, suggested to allow direct comparisons with envelope leakage). 
Comparing pressurization and depressurization
To estimate the impacts of duct leakage on disdata for Methods A and B for both return and tribution-system performance, we need both the supply leakage measurements demonstrates the leakage characteristics of the ducts and the presimprovement ill precision associated with increassures driving the flow through those leaks. These ing the reference from 4 to 25 Pa. As evidenced by driving pressures were measured at five locations the data in Table 1 , no significant bias is apparent in every duct system during normal fan operation between pressurization and depressurization re-(supply plenum, nearest supply register, furthest sults at 4 Pa. This was also found to hold at 25 Pa.
supply register, return plenurn, and return regisOn the other hand, graphical comparisons of ter) and are summarized in Table 2.  pressurization and depressurization results at 4 and 24 Pa (Figures 6 through 9) show a significant
The results in Table 2 agree with earlier estimates decrease in scatter for the 25-Pa results, which is of duct-leakage pressure differentials (Modera indicative of the increased precision at the higher 1989), confirming that the infiltration, ventilation, reference pressure, and energy impacts of duct leaks should be far more significant than those of building-envelope A cross-comparison of duct-leakage areas deleaks. These results also suggest that characteriztermined by L,lethod A (blower-door subtraction)
ing duct leaks at a reference pressure of 25 Pa is and Method B (direct duct-flow measurement) is actually more appropriate than at the more uncerplotted in Figures 10 and 11 . These figures show tain 4 Pa. the expected correlation between the two independent leakage estimates; however, there seems Another way to quantify the impact of duct leakto be some positive bias of the Method B results age in residences is to measure the whole-house relative to the Method A results, particularly for air exchange rate directly, with the system fan on the return-duct leakage. Potential reasons being and off. This was done in each of the 31 houses by investigated include: analyzing tracer-gas concentration decays with the distribution-system fan on and off. The results • Different impacts of leaks between the ducts of these measurements, summarized in Table 3 , and the house on the two techniques, confirm and even exceed earlier estimates of the importance of duct leakage in residential house • Reduced pressuredifferentialsacrosstheducts infiltration and ventilation. They also suggest that relative to indoor-outdoor pressures during natural infiltration rates during shoulder periods Method A tests, are often lower than most standards would allow. Efforts to compare measured magnitudes of duct .
Potential biases in pressure differentials used leakageanddrivingpressureswithmeasuredductfor Method B tests, induced infiltration rates are under way. The impactsof supply-duct condu, :ion losses were • The ducts in the field might be significantly estimated for each house based on measured air longer than those assumed in the simulations. temperatures at the supply plenum, nearest supply duct, and furthest supply duct. The results of these analyses are summarized in Table 4 . The
• The simulation results are based on comparfractional energy loss by conductior_ in Table 4 is ison of the overall duct efficiencies with R-4 computed by div,ding the average temperature and R-40 insulation, _, process that takes into drop through the longest and shortest ducts by the account the interaction between duct leakage temperature rise across the furnace. Because the and conduction. temperature at the end of a supply duct is not • The temperature differentials driving consignificantly affected by leakage from that duct duction might be significantly higher in the (except in the impact of reduced flow rates on residence time and on convective heat-transfer field.
coefficients), this technique isolates the conduc-
• The residence time of the air in theducts might tion losses of the supply ducts (the combined heat be longer in the field. and mass-transfer problem was solved for the simulation code). The average length of the longest supply duct in
The results in Table 4 suggest that conductive heat the field was 10.8 m, while the longest supply duct losses from existing ductsare significant. The table in the simulations was 12 m. The other potential also suggests that conduction losses are higher contributing factors are under investigation; they include normalization of the data based on the than those obtained in some ]preliminary simulation analyses, averaging 23% rather than the 13% measured temperature differentials between the obtained in the simulations. The principal reason ducts and their surroundings and on simulations for this discrepancy is probably the fact that the of the measurements made in the field. The temducts in the field were not insulated to R-4, as was perature differential normalization is expected to assumed in the simulations. The average duct reduce the rather large scatter in the fractional insulation thickness observed in the field was 2.1 conduction losses.Theexplanation for field/simucm (0.84 in.); the uniform mechanical code suglation discrepancies notwithstanding, these field gests that one inch of external insulation has an Rresults suggest the potential for considerable envalue of 2.1 and one inch of fiberglass insulation ergy savings if the insulation value of residential has an R-value of 3.1, based on standard wall ducts is increased. insulation numbers. The simulation numbers may The multizone air-flow and thermal-simulation cooling energy consumption increased by 28% tool developed for a residential air-distribution when the return duct was located in the attic rather than in the crawl space. This type of installation system was applied principally to the newly constructed California ranch house described earlier; occurs in most slab-on-grade houses, suggesting that cooling-energy and peak-demand impacts however, the effects of several potential key issues werealso examined, including the effects of changcan be much greater for that type of construction. ing from a well-insulated envelope to a poorly This will be an important result in the analysis of insulated envelope and from a crawl-space return the effectiveness of potential retrofit protocols. On the other hand, the impact of return-duct location duct to an attic return duct. Similarly, the analyses to date have focused primarily on the combined on heating is expected to be small because of the minor differences between attic and crawl-space effects of duct leakage and duct conduction, although some preliminary simulation-based extemperatures in the winter. amina tions to isolate duct leakage from conduction and to estimate the impact of closing internal
2O
The savings results in Table 7 are surprisingly doors were performed (see the earlier discussions similar to those in Table 6 , suggesting that the UAof field measurement of interzone pressure differvalue of the building envelope does not have a entials due to door closures), large impact on the overall energy performance of the air-distribution system. These results suggest that it may be possible to characterize savings In summary, the UA-value of the envelope was not found to have a large impact on the percentage potential by a UA-independent efficiency, an idea of energy use associated with duct inefficiencies, that will be investigated in the work to follow. while the choice of slab-on-grade versus crawlThe peak-load impacts of residential air-disspace construction (or, more specifically, the use of attic rather than crawl-spacereturns) was found tr;_'bution systems were also examined based on the simulations; the results of this investigation to have a large impact on cooling-energy use and are shown in Figure 12 for a well-insulated house peak demand. The results of the simulations performed for the crawl-space-return/attic-supply on a peak Sacramento summer day. This figure indicates a peak electricity demand due solely to configuration in new and existing houses are summarized in Tables 6 and 7 , respectively. The results the leakage and conduction from the duct system in Table 6 suggest that the energy implications of of 0.8 kW; an additional 0.2 kW of demand would a residential air-distribution system are signifioccur at the peak if the internal doors were closed. cant. Approximately one-third of the heating bill The relatively small effect of closing the internal doors may result from the fact that this is a crawl-space house. The implication is that the energy increase infiltration by approximatelya factor of 3, load caused by excess infiltration from the attic is consistent with the results in Table 3 and with somewhat compensated for by the excess infiltrathose quoted in earlier studies. However, the simution from the relatively cool crawl space. Because iated average increase in infiltration due to fan the annual energy implications of closing internal operation of 0.67 ACH is higher than the average doors turned out to be on the order of 2%, those infiltration-rate increase of0.45 ACH measured in simulations are being scrutinized, the field study. The sources of this difference are under investigation. Also, despite the relatively In addition to investigating the energy impacts of short system on-time, a house with a typical airair-distribution systems, the simulations can also distribution system (with the doors open) is sugbe used to analyze the ventilation impacts of airgested to have 37% more infiltration than a house distribution systems. The ventilation results for a without an air-distribution system; the latter just well-insulated house are summarized in Table 8 . meets the ASHRAE Standard 62 level of 0.35 ACH.
These numbers are consistent with earlier estiThis is worthy of additional investigation because mates of the impacts of leaky ducts and are somethe field study indicates that newer houses are what higher than the results of the field study, approximately30% tighter thanthehouseused for Specifically, the distribution fan was simulated to the simulations. No ducts 1200 370
Typical ducts 15_3 530
Potential savings 3'(_0 160 (23%) (30%)
Assuming enthalpic venting, cooling in May through October, heating in November through March, R-19 walls, R-30 ceilings, R-19 floor, double-pane windows, crawl-space return duct, and attic supply ducts. 3Assuming a COP of 2.93 (i.e., SEER= 10). 4Assuming an AFUE of 85% for the furnace or wall heater. 5Assuming enthalpic venting, cooling in May through October, heating in November through March, R-0 walls, R-11 ceilings, R-0 floor, single-pane windows, crawl-space return duct, and attic supply ducts. 6Assuming a COP of 2.34 (i.e., SEER= 8). 7Assuming an AFUE of 75% for the furnace or wall heater.
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,, Figure 12 . Simulated air-3.0 -/ " conditioner electricity I; ....\ 2.8 -/:-" ",\ demand for a peak cooling 2.6 -.// ".._ day in Sacramento. The '_ three curves correspond to 2.4
